The reaction catalysed by serine hydroxymethyltransferase (SHMT), the transfer of Cβ of serine to tetrahydropteroylglutamate, represents in Eucarya and Eubacteria a major source of one-carbon (C 1 ) units for several essential biosynthetic processes. In many Archaea, C 1 units are carried by modified pterin-containing compounds which, although structurally related to tetrahydropteroylglutamate, play a distinct functional role.
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SUMMARY
The reaction catalysed by serine hydroxymethyltransferase (SHMT), the transfer of Cβ of serine to tetrahydropteroylglutamate, represents in Eucarya and Eubacteria a major source of one-carbon (C 1 ) units for several essential biosynthetic processes. In many Archaea, C 1 units are carried by modified pterin-containing compounds which, although structurally related to tetrahydropteroylglutamate, play a distinct functional role.
Tetrahydromethanopterin, and a few variants of this compound, are the modified folates of methanogenic and sulfate-reducing Archaea. Little information on SHMT from Archaea is available and the metabolic role of the enzyme in these organisms is not clear. This contribution reports on the purification and characterisation of recombinant SHMT from the hyperthermophilic methanogen Methanococcus jannaschii. The enzyme was characterised with respect to its catalytic, spectroscopic and thermodynamic properties.
Tetrahydromethanopterin was found to be the preferential pteridine substrate.
Tetrahydropteroylglutamate could also take part in the hydroxymethyltransferase reaction, although with a much lower efficiency. The catalytic features of the enzyme with substrate analogues and in the absence of a pteridine substrate were also very similar to those of SHMT isolated from Eucarya or Eubacteria. On the other hand, the M. jannaschii enzyme showed increased thermoactivity and resistance to denaturating agents with respect to the enzyme purified from mesophilic sources. The results reported suggest that the active site structure and the mechanism of SHMT are conserved in the enzyme from M. jannaschii, which appear to differ only in its ability to bind and use a modified folate as substrate and increased thermal stability. Methanothermobacter marburgensis (5) , and from Sulfolobus solfataricus (6) , with limited structural and functional characterisation have been made. In the first report, the enzyme was proposed to function in vivo in the direction of serine biosynthesis. Importantly, both works provided evidence that SHMT was selective towards the modified folate used by the source organisms: H 4 MPT, for M. marburgensis and sulfopterin for S. solfataricus (7, 2) .
This study reports on the purification of recombinant SHMT from Methanococcus jannaschii (mjSHMT) and the characterisation of its catalytic and thermodynamic
properties. The aim of the research was to assess the extent to which mjSHMT is structurally and mechanistically similar to its prokaryotic and eukaryotic counterparts. kDa, elution volume V e = 8.0 ml), catalase (232 kDa, V e = 9.1 ml), rabbit muscle aldolase (158 kDa, V e = 9.3 ml), BSA (67 kDa, V e = 9.8 ml), egg albumin (43 kDa, V e = 10.4 ml) chymotrypsin (25 kDa, V e = 12 ml ), ribonuclease (13.7 kDa, V e = 12.5 ml). V e of the purified SHMT was 9.6 ml. Retroaldol cleavage reactions were carried out in 20 mM potassium phosphate, pH 7.2.
Molecular mass estimation by analytical ultracentrifugation
The rate of allo-threonine cleavage was measured by coupling the reaction with reduction of the product acetaldehyde by NADH and thermostable alcohol dehydrogenase from Theroanaerobium brockii (14) . The rate of the reaction was calculated from the rate of decrease in absorbance at 340 nm, using a value of ε 340 = 6220 M -1 cm -1 . Benzaldehyde production from phenylserine cleavage was measured spectrophotometrically at 279 nm, using a molar absorptivity value of ε 279 = 1400 M -1 cm -1 (15) . The rate of transamination with both alanine enantiomers was determined according to (16) . Kinetic data analysis, curve-fitting procedures and statistical analysis were performed using the data manipulation software of Scientist (Micromath, Salt Lake City). In all the spectroscopic measurements, 200 µM DTT and 100 µM EDTA were added unless otherwise stated. UV-visible spectra were recorded with a double-beam Lambda 16
Perkin Elmer spectrometer equipped with a Peltier thermocontroller set at 20 °C.
Urea induced unfolding equilibrium -Protein samples, at 0.12 mg/ml final concentration, were incubated at 20 °C with increasing concentrations of urea (0-7.9 M) in 11 mg/ml. After 2 h, a time that was established to be sufficient to reach equilibrium, far UV-CD spectra were recorded at 20 °C.
Data analysis -Far UV-CD spectra from urea titration were analyzed by the singular value decomposition algorithm (SVD) (17) (18) (19) using the software MATLAB (MathWorks, South Natick, MA). SVD is useful to find the number of independent components in a set of spectra and to remove the high-frequency noise and the low-frequency random error. CD spectra in the 210-250 nm region (0.2-nm sampling interval) were placed in a rectangular matrix A of n columns, one column for each spectrum collected in the titration. The Urea-induced equilibrium unfolding was analyzed by fitting baseline and transition region data to a two-state linear extrapolation model (20) The enzyme was also capable of catalysing the retroaldol cleavage of L-allo-threonine and threo-β-phenylserine to glycine and the corresponding aldehyde (Table I) Temperature dependence of enzyme activity. -The temperature dependence of the rate of retroaldol cleavage of L-allo-threonine was determined, using either eSHMT or mjSHMT as catalyst, over the range from 25 to 85 °C (Fig. 2A) . The steady-state velocity of the reaction was measured both under virtually saturating conditions (25 mM substrate) and at about 4% of saturation (0.055 mM substrate). The reaction catalysed by mjSHMT was found to have an optimal temperature 20-25 °C higher than that catalysed by the E.
coli enzyme. Saturation with the substrate had a stabilising effect on the activity of both enzymes. Data were used in a global fit to the Arrhenius equation in which the activation energy (estimated to be equal to 70.00 ± 2.10 kJ/mol) was a shared parameter (Fig. 2B) . The far UV-CD spectrum at pH 7.2 is typical of a predominantly α-helix protein (Fig.   4A ). At pH 3.0, the far UV-CD spectrum of the holoenzyme is characterized by a profile similar to that at pH 7.2 with the same zero intercept and Θ 222 /Θ 208 ratio, and a slight general decrease of ellipticity compared to that at neutral pH (Fig. 4A) . In the near UV region, the dichroic activity of the enzyme at pH 3.0 is notably decreased in comparison with the enzyme at pH 7.2, and the 289 nm Trp band is absent (Fig. 4B) . At pH 3.0, the 420 and 325 nm bands, present in the UV-visible CD spectrum of the holoenzyme at neutral pH and attributable to the PLP cofactor, are absent (Fig. 4C) . The UV-visible absorption spectrum at pH 3.0 shows a 3-fold decrease of the absorbance at 420 nm, when compared to that of the holoenzyme at pH 7.2 (Fig. 4D ).
Urea induced unfolding equilibrium -
The intrinsic fluorescence emission spectra of the holoenzyme at pH 7.2 and 3.0, measured upon excitation at 295 nm, are similar and show the same maximum emission wavelength at 347 nm (Fig. 4E) . At pH 7.2, as observed with other PLP-enzymes in the holo-form (23) (24) (25) , excitation at either 320 or 418 nm yields fluorescence emission spectra with maxima centred, respectively, at 386 nm and 494 nm (Fig. 5A, B) . A faint energy transfer band at about 510 nm is observed when exciting at 285 nm (Fig. 5A, inset) . At pH 3.0, the fluorescence emission spectra of the holoenzyme (Fig. 5A, B) excited at 320 and 418 nm are centred at the same maximum emission wavelength, although a dramatic decrease of the relative fluorescence is observed upon excitation at 418 nm. At pH 3.0, the 510 nm energy transfer band is absent (Fig. 5A, inset) .
The relative content of the secondary structure elements in solution, estimated by SELCON 2 (26) using the software DICROPROT V 2.5 on the far UV-CD spectra, at pH 7.2 and 3.0, was at least 98% and corresponded to 36% and 28% α−helix, 14 and 18% β- program (27) and SELCON 3 (28) . These results indicate that at pH 3.0 the SHMT relative secondary structure composition is closely similar to that at pH 7.2. Secondary structure prediction according to (29) indicates 50% α-helix, 16% extended and 34% loops.
The spectral properties of the monomer at pH 3.0 indicate that the dissociation of the dimer into monomers is accompanied by remarkable changes of the tertiary contacts, as indicated by the near UV and visible CD signals, and suggest that the secondary structure content of the monomer is similar to that of the dimeric enzyme.
Sedimentation velocity experiments yielded an s 20,w value of 6.2 for the enzyme at pH 
MPT (note that
Methanosarcina SHMT is an exception in methanogens since it is H 4 PteGlu-dependent (39)) respect to the eubacterial and eukaryotic enzymes (Fig. 6 ) may be related to the particular phylogenetic history of these organisms, rather than to a specific function.
Moreover, the available structures of SHMT in complex with H 4 PteGlu derivatives do not
give any clue of how the distinctive portion of the pteridine substrates may bind to the enzyme and modelling studies did not locate structural elements involved in this specific binding (3).
M. jannaschii is an obligate anaerobe and therefore it is expected that oxygen might affect the hydroxymethyltransferase reaction catalysed by mjSHMT. We tested the effect of oxygen by performing kinetic studies under both aerobic and anaerobic conditions and using either H 4 MPT or H 4 PteGlu as pteridine substrate. Surprisingly, the presence of oxygen does not seem to affect significantly the kinetic parameters of the reaction.
The temperature dependence of the enzyme activity in the allo-threonine aldolase reaction shows that with either mjSHMT or eSHMT the saturation with substrate has a stabilising effect ( Fig. 2A) . This is in agreement with previously reported studies on the interactions of substrates and substrate analogues with cytosolic rabbit SHMT, which suggested that the binding of β-hydroxyamino acids results in a conformational change of the enzyme (40) . The activation energy of the allo-threonine aldolase reaction calculated from the Arrhenius plots appears to be the same for both enzymes. Taken together, these results confirm that mjSHMT is quite similar in several respects to the enzyme from mesophilic sources.
Notably, mjSHMT is fairly resistant to denaturation. At pH 3.0, the protein shows a global secondary structure content similar to the native dimeric form with a significant perturbation of the tertiary structure, as revealed by the near-UV and visible CD spectra and the PLP fluorescence emission spectrum, accompanied by loss of the dimeric assembly. This finding may indicate that electrostatic interactions play a significant role in the stabilization of the dimer. A recent structural comparison between SHMT from mesophilic and thermophilic sources, carried out through the application of homology modelling, indicated that the thermal stability in SHMT may be the result of the combination of an increased number of charged residues at the protein surface and an increased hydrophobicity at the protein core were not included in the non-linear regression analysis. The inset shows the fluorescence emission spectrum monitored at 0.2 mg/ml upon excitation at 285 nm. All the spectra were recorded at 20 °C. by guest on January 9, 2018
